Using the non-equilibrium Green's functions formalism in a tight binding model, the spindependent transport in armchair graphene nanoribbon (GNR) structures controlled by a ferromagnetic gate is investigated. Beyond the oscillatory behavior of conductance and spin polarization with respect to the barrier height, which can be tuned by the gate voltage, we especially analyze the effect of width-dependent band gap and the nature of contacts. The oscillation of spin polarization in the GNRs with a large band gap is strong in comparison with 2D-graphene structures. Very high spin polarization (close to 100%) is observed in normal-conductor/graphene/normal-conductor junctions. Moreover, we find that the difference of electronic structure between normal conductor and graphene generates confined states in the device which have a strong influence on the transport quantities. It suggests that the device should be carefully designed to obtain high controllability of spin current.
I. INTRODUCTION
Graphene, a monolayer of carbon atoms packed into a two dimensional (2D) honeycomb lattice, has attached a great amount of attention from both experimental and theoretical points of view [1] since it was isolated and demonstrated to be stable [2, 3] . It is a basic building block for graphite materials of all other dimensionalities, e.g., it can be wrapped up into 0D fullerenes, rolled into 1D nanotubes, or stacked into 3D graphite. Due to its unique electronic properties, i.e., its conduction electrons behave as massless Dirac fermions [3, 4] , a lot of interesting phenomena such as the finite conductance at zero concentration [3] , the unusual half integer quantum Hall effect [4] , and the Klein tunneling [5] have been observed in the graphene and theoretically discussed in the framework of the massless fermion Dirac's model [3, 6] .
Finite width graphene strips, which are referred as graphene nanoribbons, have been also studied attentively [7, 8, 9, 10, 11] . It has been shown that GNRs of various widths can be obtained from graphene monolayers using patterning techniques [7] . The transport properties of the perfect GNRs are expected to depend strongly on whether they have zigzag or armchair edges [8] . In the framework of the nearest neighbor tight binding (NNTB) model, the GNRs with zigzag edges are always metallic while the armchair structures are either semiconducting or metallic depending on their width. In the zigzag GNRs, the bands are partially flat around the Fermi energy [E = 0 eV], which means that the group velocity of conduction electrons is close to zero. Their transport properties are dominated by edge states [9] . In the GNRs * E-mail: viet-hung.nguyen@u-psud.fr with armchair edges, the bands exhibit a finite energy gap in the semiconducting structures or are gapless in the metallic ones [8] . However, ab initio studies have demonstrated that there are no truly metallic armchair GNRs (see in Ref. [10] and reference therein). Even for the structures predicted to be metallic by the NNTB model, a small energy gap opens, thus modifying their behavior from metallic to semiconducting. In general, the group velocity of conduction electrons in armchair GNRs is high, e. g., it is constant and equal to about 10 6 m/s [3] in those metallic structures. The transport properties of ideal zigzag and armchair GNRs are thus very different. In the current work, we pay our attention only to the ribbons with armchair edges.
Experimentally, electronic transport measurements through a graphene sheet usually require contacts to metal electrodes, e.g., see an illustration in Ref. [12] . When tunneling from metal reservoir to graphene occurs in a large area, the contact becomes Ohmic and the area under the contact forms a substance which is a hybrid between graphene and normal metal [13] . Depending on the nature of this substance, the system can be appropriately considered as a graphene/graphene/graphene (GGG) structure or a normal-conductor/graphene/normal-conductor (NGN) junction whose contacts can be modeled by honeycomb or square lattices, respectively. The ballistic transport through the NGN systems has been investigated systematically in Refs. [13, 14, 15] .
Beside their interesting electronic transport properties, due to very weak spin orbit interaction [16] , which leads to a long spin flip length (∼ 1µm) [17] , the graphene -based structures also offer a good potential for spinpolarized electronics. Actually, graphene is not a natural ferromagnet. However, recent works have shown that ferromagnetism and spin-polarized states can be introduced in graphene, e. g., by doping and by defect [19, 20, 21] or by applying an external electric field [22] . Especially, Haugen et. al. [23] suggested that the ferromagnetic correlations can be created in graphene by the so-called proximity effect. The exchange splitting induced by depositing a ferromagnetic insulator EuO on the graphene sheet was then roughly estimated to be about 5 meV. The effect has been also experimentally demonstrated [17, 18] . Motivated by these features, some other works have predicted and discussed the controllability of spin current by a ferromagnetic gate in 2D-graphene structures [24, 25, 26] . The spin current was found to be an oscillatory function of the potential barrier, which can be tuned by the gate voltage, and its amplitude is never damped by the increase of the width and the height of barrier [24] . However, the spin polarization is not so high, e. g., its maximum value is just about 30%. In addition, the other spin-dependent properties of graphene such as spin field effect transistor [27] , spin Hall effects [16, 28] , spin valve effects [29, 30, 31, 32] have been also investigated extensively. Especially, the giant magnetoresistance has been explored theoretically and discussed in the structures of armchair [31] and zigzag [32] GNRs connecting two conducting electrodes. The authors predicted that it can reach the high value of 100% [32] .
In this article, we are interested in the possibilities of electrically tunable of spin current in single ferromagnetic gate armchair GNR structures. By investigating the physics of spin polarized transport in these structures, we would like to derive some simple scaling rules in order to tend to a high tunable spin polarized current. The study is focussed on the role of the ribbon's energy band gap and the different types of leads (either graphitic or normal-conducting). In the NGN systems, since the strength of the device-to-contact coupling and the device length are important parameters, their influence on the control of spin current is also carefully investigated. The paper is organized as follows. Section 2 is devoted to the description of the model and main formulas based on the non-equilibrium Green's functions formalism (NEGF). In section 3, the numerical results are presented and discussed. Finally, a brief summary is given in section 4.
II. MODEL AND FORMULATION
The considered structures consist of an armchair GNR coupled with two electrodes which may be described either by graphitic ( Fig. 1(a) ) or normal-conducting ( Fig. 1(b) ) leads. In the simplest consideration, the normal-conducting leads are modeled by square lattices [13, 14, 15] . A ferromagnetic gate is assumed to create a potential barrier which controls the Fermi level locally and to induce an exchange splitting into the device. To model the structures, we use the single band tight binding Hamiltonian 
where the operators c † iα,σ (c iα,σ ) and a † i d ,σ (a i d ,σ ) create (annihilate) an electron with spin σ in the electrode α and the device region, respectively. The sum over carbon atoms i, j is restricted to the nearest neighbor atoms. t, t L and t C stand for the hopping parameters in the device, the lead and at the coupling interface, respectively. ε α is the on-site energy of the leads which acts as a shift in energy. The device spin-dependent on-site energy ε i d ,σ is modulated by the gate voltage
Here, U G denotes the potential barrier height, h is the exchange splitting and σ = ±1 describes the up/down spin states. Since no spin flip process is considered here, (1) can be decoupled into two linear spin-dependent HamiltoniansĤ σ and the transport is easily considered using the NEGF formalism. For each spin channel σ, the retarded Green's function is defined aŝ
where,Σ r α describes the retarded self energy matrices which contain the information on the electronic structure of the leads and their coupling to the device. It can be expressed asΣ r α =τ D,αĝατα,D whereτ is the hopping matrix that couples the device to the leads.ĝ α are the surface Green's functions of the uncoupled leads, i.e., the left or right semi-infinite electrodes. The surface Green's functions and the device Green's functions are calculated using the fast iterative scheme [33] and the recursive algorithm [34] , respectively.
Within the model described by Eq. (1), the transport is considered to be ballistic and the conductance through the device is calculated using the Landauer formalism [35] . The spin-dependent conductances G σ at the Fermi energy E F are obtained from the transmission function T σ (E), such that
and
whereΣ a α (≡Σ r † α ) is the advanced self energy. Finally, the spin polarization is determined by
In addition, the local density of states (LDOS) at site j can be also directly extracted from the retarded Green's function as:
By using the recursive algorithm described in Ref. [34] , the size of matrices equals the number M of carbon chains between two edges. Thus, the cost of calculations is only linearly dependent on the device length.
III. RESULTS AND DISCUSSION
Using the above formalism, we investigate the spin-dependent transport in the considered structures. Throughout the work, we set t = 2.66 eV [36] in the graphitic regions and assume that t L is equal to t and t C ≤ t in the NGN junctions [13, 15] . Our consideration is restricted to the low-energy regime when E ≪ t. A. Gate control of spin current in GGG structures
As mentioned above, the gate voltage creates a potential barrier in the device. In the armchair GNRs, the electronic properties of the structures with M = 3n + 2 and M = 3n + 2 (n is an integer) are significantly different, i. e., there is a finite energy band gap in the former structures while it is negligible in the latter ones [10] . Respectively, we display in Fig. 2 (a) the conductance as a function of the barrier height U G for the structures: M = 21 (dashed) and 23 (solid line). Here, the gated region is assumed to be nonmagnetic, i. e., h = 0 meV. First of all, the results show that the conductance has an oscillatory behavior with respect to U G . This phenomenon has been observed in the 2D-graphene structures and explained as a consequence of the well-known Klein's tunneling [6, 24] . In the framework of the Dirac's description, the conductance peaks have been demonstrated to be essentially due to the resonance or the good matching of electron states and confined hole states outside/inside the barrier region [25] , respectively. Those states, in this model, correspond to electron states in positive and negative energy bands. Note that due to the finite ribbon width, the transverse momentum is quantized into a set of discrete values. Practically, the oscillation of conductance can be seen clearly from the analytical expression of the transmission coefficient for a given transverse momentum mode k j y (see the calculation in Ref. [37] ). In the limit of low energy, it can be rewritten as
where
and a is the C − C bond length. k x (k j y ) denotes the longitudinal (transverse) momentum, which is the deviation of the momentum k from the zero energy point, outside the barrier and k b x is the longitudinal momentum inside the barrier. The energy dispersions outside/inside the barrier are, respectively
Accordingly, the transmission and then the conductance have their maximum (or minimum) values when k b x L G is equal to mπ (or (m + 1/2)π) for any integer m. In the limit of E ≪ U G ≪ t, the eq. (12) can be rewritten as
x and the period of oscillation is defined by U P = v F π/L G , which coincides with that in Refs. [24, 25] . In general cases, when the relation between U G and k is nonlinear, the period can be approximately expressed as Fig. 2(a) , respectively.
As a consequence of different electronic structures, the Fig. 2 (a) also shows that the conductance for the case of M = 21 (large energy gap) oscillates strongly in comparison with the other (M = 23). This can be easily understood by considering the behavior of transmission coefficient for different energy gaps. As seen in Eq. (11), the energy gap is enlarged when increasing k j y (or θ j ). So that, from the Eq. (10) and the Fig. 2(b) , we see that when the energy gap is larger (increasing θ j ), the oscillation of transmission is stronger. It leads to the different behaviors of conductance shown in Fig. 2(a) . Similarly, it is shown that the oscillation of conductance in the structure with M = 21 is also stronger than that in the 2D-graphene structures (see in Fig. 2(a) of Ref. [24] ), where the gap is truly zero.
In eqs. (10-11), the mode θ 0 = 0 (or k 0 y = 0) corresponds essentially to the normal incident mode whose energy dispersion is gapless and linear in the 2D-graphene structures. When considering the behavior of transmission coefficient, we find an important feature: it is not uniformly equal to unity, but a function of the barrier height even in the case of θ = θ 0 . This differs from the prediction of Klein's paradox obtained by using Dirac's description in graphene structures [6] as previously discussed in Ref. [38] . Practically, the transmission coefficient (eq. (10)) approaches the simplified expression (4) in Ref. [6] only in the limit of E ≪ U G ≪ t.
Now we investigate the behavior of spin polarization in the ferromagnetic gate structures. The exchange splitting h is chosen to be 10 meV, which can be achieved experimentally [17, 18] . Since no spin flip process is considered, the exchange splitting just shifts the conductance of each spin channel relatively to the other. The spin polarization therefore behaves as an oscillatory function of U G as shown in Fig. 3 . Similar phenomena in the 2D-graphene structures have been also observed and discussed in Ref. [24, 25, 26] . It was shown that the oscillation of spin current is never damped with the increase of the width and the height of barrier and the spin polarization can be reversed by changing the gate voltage. Actually, the amplitude of P depends primarily on the phase coherence/decoherence of the oscillation of spin -dependent conductances, i. e., it has the maximum/minimum value when the gate length (or the barrier width) L G is equal to a half-integer/integer of L h with L h = v g π/2h, respectively. Hence, the gate control of spin current can be modulated by changing L G , i. e., it leads to the beating behavior of P similar to that shown in Fig. 5(c) of Ref. [25] . Furthermore, as a consequence of the behavior of conductance presented in Fig. 2(a) , Fig. 3 (a) also shows that the oscillation of P in the GNRs with a large energy gap is very strong in comparison with the others. For instance, the amplitude of P is about 65% for M = 21 while it is only few percents for M = 23 or has a maximum value of 30% in the 2D-graphene structures [24, 25, 26] . However, since for M = 3n + 2 the energy gap decreases when increasing the ribbon width, the oscillation of conductance and P in those structures is gradually weaker. The transport quantities for the GNRs in the limit of infinite width approaches those for the 2D-graphene structures, where the continuum Dirac's description is valid. To illustrate this point, we display in Fig. 3(b) an example of the effect of different ribbon widths on the spin polarization in the structures with M = 3n + 2. Indeed, when increasing the ribbon width, the amplitude of P decreases and becomes closer to that in 2D-graphene, i. e., it is only about 35% for M = 33.
B. Effects of normal-conducting leads
In this section, we consider the spin transport in NGN junctions. First, we focus on the possibilities of obtaining high tunable spin current when replacing the graphitic leads by the normal-conducting ones. Second, we analyze the sensitivity of transport quantities to different parameters as the device length and the Fermi energy.
In Ref. [14] , Schomerus compared the resistances of NGN junctions and GGG structures, and found the duality between graphitic and normal-conduncting contacts. He has shown that identical transport properties arise when the graphitic leads are replaced by quantum wires and the difference between the results obtained in those structures is only quantitative. On this basis, we plot in Fig. 4 (a) the conductance as a function of U G in the NGN junction in comparison with the GGG structure for the case of L D = 51 nm and E F = 300 meV. Since we found that the results depend weakly on the hopping energy in the leads, t L is chosen to be equal to t for simplicity. Qualitatively, Fig. 4(a) shows that the oscillation of conductance seem to be unchanged in its phase and period when changing the leads. Quantitatively, the oscillation in the NGN junction is stronger than in the GGG structure. This can be explained clearly by the effect of replacing the graphitic leads by the normal conducting ones on the picture of bound states in the barrier region. These states, in the framework of the Dirac's description, have been considered as confined hole states in the 2D-graphene structures [25] . In Fig. 4(b) , we display the LDOS (see the right axis for graphitic and the left axis for normal-conducting leads) at the first site of barrier region with respect to U G . The results are understood that the peaks of LDOS occur when the Fermi energy corresponds to any bound state. Obviously, the oscillation of LDOS (or the quantization of bound states in the barrier) in the NGN junction appears stronger (with higher peaks) than that in the GGG structure. It is the essential origin of the different behaviors of conductance as shown in Fig. 4(a) . Now we turn to the behavior of spin current in ferromagnetic gate NGN junctions, i. e., h = 10 meV. In Figs. Fig. 4(a) , the amplitude of P in former structures is remarkably larger than that in latter ones. Particularly, when changing the leads, it increases from 65% to 81% (see in Fig. 5(a) ) and from 1% to 50% (see in Fig. 5(b) ) for M = 21 and 23, respectively. Moreover, in the NGN junctions, the possibility of obtaining high tunable spin current is more impressive with decreasing the strength of the device-to-contact coupling, which is characterized by the hopping energy t C . In Figs. 5(c) and 5(d), we plot the obtained results for three cases: t C = t (dotted), 0.8t (dashed) and 0.6t (solid lines). Actually, the transport in these structures depends strongly on the properties of junctions and therefore on t C . A smaller t C corresponds to a higher contact resistance [13] . We find that the quantization of bound states in the barrier region is stronger when decreasing t C (not shown), which leads to a stronger oscillation of the transport quantities with respect to the barrier height. Indeed, even in the case of M = 23, the spin polarization can reach a very high value of 86% for t C = 0.6t (see in Fig. 5(d) ). More impressively, in the cases of M = 21, it can tend to 100% by reducing t C (see in Fig. 5(c) ). A similar feature (giant magneto resistance) has been also predicted in the structures of GNRs connecting two conducting electrodes [31, 32] .
Practically, the features discussed above depend strongly on the parameters of the NGN junctions, such as the device length and/or the Fermi energy. It results from the fact that the charge transport can be confined in the device by two normal-conductor/graphene junctions. It leads to an additional resonant condition con- trolling the transport picture beside the transmission via the bound states in the barrier. Indeed, the existence of such confined states is demonstrated clearly from the behavior of LDOS shown in Fig. 6(a) . In this figure, to cancel the effects of bound states in the barrier, the gate voltage is not applied to the device. The energy spacing E S is estimated to be about 25.5 meV for L D = 51 nm and 12.6 meV for 102 nm. It means that E S seems to be inversely proportional to the device length, i. e., as illustrated in Fig. 6(c) . This implies an unusual quantization of charges in the graphene-based structures, which is essentially different from the case of normal semicondutors wherein E S ∝ 1/L 2 D as previously discussed in Refs. [25, 39] . Due to such confinement, the transport quantities, such as the conductance and the spin current (not shown), have an oscillatory behavior also with respect to the Fermi energy in the considered region (see in Fig. 6(b) ). Therefore, when a gate voltage is applied, there is a coexistence of bound states in the barrier and confined states in the device. They together respond for the resonant transport conditions of the structure.
On the other hand, the gate controllability of spin current is principally due to the picture of bound states in the barrier (or Klein's tunneling) [25] . It arises a question about how the confined states in the device affect that picture. As shown in Figs. 4 and 5, the replacement of the graphitic leads (infinite L D ) by normal-conducting ones (finite L D ) does not affect the period, but the amplitude of the oscillation. It suggests that, in the NGN junctions, the oscillation of conductance and spin polarization can be modulated in its amplitude while its period is unchanged when changing the device length. To examine this statement, we plot the conductance in Fig. 7(a) and the spin polarization in Fig. 7(b) as functions of the barrier height for different device lengths. From Fig. 7(a) , we see that while the period is determined only by the gate length, the oscillation of conductance is modified by changing L D , i. e., it is strong/weak when L D = 68 (and 79) or 74 nm, respectively. Consequently, the amplitude of spin polarization is dependent on L D , i. e., it is about 95% for L D = 68 nm, 15% for 74 nm and 86% for 79 nm (see Fig. 7(b) ). This feature is exhibited more clearly in Fig. 7 (c) by three curves of spin polarization versus L D for different barrier heights: U G = 630 (dashed), 655 (dashed-dotted), and 681.5 (solid line) meV. We see that the spin current has an oscillatory behavior and is suppressed completely at certain values of L D . Obviously, this demonstrates that the amplitude of spin polarization exhibited in Fig. 7(b) is also an oscillatory function of the device length. Moreover, its period seems to be inversely proportional to the Fermi energy, i. e., it is about 27.8 nm for E F = 250 meV, 18.3 nm for 300 meV and 13.4 nm for 350 meV (see Fig. 7(d) ). It is nothing, but a consequence of the resonant transport due to the confined states in the device. Hence, the gate control of spin current in the NGN junction can be modulated not only by the gate length L G (see in the section A) but also by the device length L D and/or the Fermi energy E F . This implies that the structure should be carefully designed to obtain high controllability of spin current.
IV. CONCLUSIONS
Using the NEGF method for quantum transport simulation within a tight binding hamiltonian, we have considered the spin-dependent transport in single ferromagnetic gate armchair GNR structures. The leads are modeled as either graphitic or normal-conducting.
In the case of graphitic leads, it is shown that the conductance and the spin current behave as oscillatory functions of barrier height which can be tuned by the gate voltage. The oscillation of spin polarization in the ribbon structures with a large energy band gap is strong in comparison with the 2D-graphene structures. Especially, the study has demonstrated that a very high spin polarization can be observed in the NGN junctions. It results from the fact that the quantization of bound states in the barrier (gated) region can appear very strong when using the normal-conducting leads. In this structure, it is shown that the spin polarization increases and can tend to 100% with the decrease of the strength of the device-to-contact coupling. Moreover, we have also found the existence of confined states in the device by normal-conductor/graphene junctions. This confinement responds for an additional resonant condition beside the transmission via the bound states in the barrier. Therefore, the gate control of spin current in the NGN junctions can be modulated not only by the gate length but also by the device length and/or the Fermi energy.
Our predictions may be helpful for designing efficient spintronics devices based on perfect armchair GNRs. However, some disorder effects, e. g. due to edge roughness, have been observed experimentally [7] and demonstrated to affect the transport properties [11] of the GNR structures. Further work is needed to assess their influence on the spin polarized properties discussed in this article.
